Fourier Transform Infrared Spectroscopy (FTIR) was used to quantify total monosaccharide content in the bacterium Enterobacter cloacae and several of its biofilm mutants. Bacterial biofilm samples were grown on trypticase soy agar, and 30 µL aliquots of aqueous sample bacterial plus biofilm were deposited into the center of barium fluoride crystals and dried at 50˚C for 1-hour before being scanned by FTIR. The total amounts of monosaccharides were estimated using the absorbance of the monosaccharide peak, 1192 -958 cm -1 , and normalized using the amide II peak, 1585 -1483 cm -1
Introduction
Bacterial biofilms are known to be linked to medical conditions such as cystic fibrosis, periodontitis, and nosocomial infections from the use of catheters and prosthetic heart valves [1] [2] [3] . It has been suggested bacteria produce and excrete exopolysaccharides as an organization element of biofilms [4] . The quantification of carbohydrates as major components of bacterial biofilms is just one approach used in examining the composition and understanding bacterial biofilm macroarchitecture [2] [3] [4] [5] [6] . To quantify the relative carbohydrate concentrations, Fourier transform infrared (FTIR) spectroscopy is used since it allows the analysis of monosaccharides in micro-quantities of sample [7] [8] [9] . The technique we report is effective even when there is a mixture of unknown carbohydrates which is typical when working with biological samples. Samples of bacterial biofilm extract, which includes biofilm and bacteria cells, were scanned by FTIR and the total amounts of monosaccharides were estimated using the absorbance of the monosaccharide peak, 970 -1182 cm -1 , and normalized using the amide II peak, 1560 -1530 cm -1 . The monosaccharide peak is a result of the C-O stretching of the ether or alcohol functional groups of the monosaccharides and the amide II peak is associated with the total proteins estimating the biomass. The method was then applied to wild type, 67E1, as well as mutant strains of Enterobacter cloacae which were previously screened as over-producers of biofilm, 81H1 and C-BS-27 and an under-producer of biofilm, D-DM-21, when compared to the wild type. This technique has displayed excellent correlation between the integrated absorbance of the amide II peak and monosaccharide peak.
Materials and Methods

Chemicals, IR Crystals and Instrumentation
Monosaccharide standards of β-D(-)-fructose, Sigma, D(+)-glucose, Acros, D(+)-mannose, Acros, and L(+)-rhamnose, Acros, were obtained from Fisher Scientific, Pittsburgh, PA. Barium fluoride (BaF 2 ) crystals, catalog #0002E-340, 25 mm by 2 mm, were obtained from International Crystal Labs, Garfield, NJ. A Thermo-Fisher Scientific, Madison, WI, 6700 FTIR, spectrometer, with a KBr beamsplitter and DTGS detector was used in the transmission/absorbance mode.
Standard Preparation
Stock solutions of 100 mg/mL were made by dissolving 5.00 grams of each monosaccharide into a 50 mL volumetric flask. Standards were prepared in concentrations of 0.5, 1.0, and 2.0 mg/mL by serial dilution using a digital micropipette. This required 0.250, 0.500, and 1.000 mL of stock solution in 50 mL volumetric flasks and filled with distilled and deionized water. Samples were used immediately and/or refrigerated at 8 -10˚C. Refrigerated samples were allowed to reach room temperature before use and kept for a maximum of five days before making new standards in order to avoid bacterial growth in the standard solutions. Standard solutions were vortexed and inverted several times to ensure uniform distribution before any sample was removed.
Bacterial Sample Preparation
Bacterial wild type, 67E1, and mutant types, 81H1, C-BS-27, and D-DM-21, of Enterobacter cloacae were prepared on trypticase soy agar (TSA) plates and incubated at 30˚C for 24-hours. A 6-inch, sterile, plastic shaft, polyester-tipped applicator was rolled along the surface applying gentle pressure to roll and lift bacterial samples to obtain bacteria for determination of carbohydrates. Smear plates and colony plates were two techniques used to grow bacterial samples. A smear plate was created by evenly applying the bacteria using the polyester-tipped applicator in order to produce a lawn of bacterial growth. A colony plate was created by using a sterile wooden dowel to apply bacterial samples. These were then placed in spread-out, locations in order to produce isolated colonies on the TSA plates. Serial dilutions of bacterial samples were done by first lifting and removing bacterial from smear plates using the polyester-tipped applicator. Bacterial samples were removed using twisting and pumping motions into 1.00 mL of bacterial free, distilled and deionized water in a vial and labeled the stock bacterial samples. Serial dilutions of the stock bacterial samples were prepared using a digital micropipette by removing 50, 100, 150, 200, and 250 µL of stock bacterial sample and diluting to a total volume of 250 µL was used to make 1×, 2×, 3×, 4×, and 5× concentrations of bacterial samples. The technique used to compare mutant type to wild type was similar to the previously stated procedure but involved the prepared colony plates. A single colony was lifted from the colony plate using the polyester-tipped applicator and removed in 0.5 mL of phosphate buffer saline (PBS) solution. Bacterial samples were briefly vortexed and inverted several times to ensure uniform distribution before any sample was removed.
FTIR Analysis
A 30 µL sample was deposited in the center of a BaF 2 crystal using a micropipette and dried for one hour at 50˚C. The dried BaF 2 crystals were transferred in a desiccator to equilibrate to room temperature for approximately 5 minutes before being placed into the FTIR. The FTIR conditions were: 8 scans for each determination, with a resolution of 4 cm -1 , with a range from 4000 cm -1 to 700 cm -1 . All FTIR data collection and analysis were performed using OMNIC 8.0.342 software. Two FTIR spectra were obtained for each crystal. The first scan was done by placing the BaF 2 crystal into a holder and scanning the crystal. Then the holder was inverted 180° and scanned again to obtain a second spectrum. The two spectra obtained for each crystal were averaged and the areas under the desired peaks were determined. After use, the BaF 2 crystals were washed with distilled water and 5% Micro detergent with gentle rubbing, rinsed with distilled water, dried and stored at 50˚C.
Results and Discussion
Sodium chloride (NaCl), zinc selenide (ZnSe) and barium fluoride (BaF 2 ) crystals were all tested using the standard preparation described above. NaCl crystals, although acceptable in the IR spectra region chosen were quickly ruled out due to the aqueous nature of the samples and the need for repeated surface cleaning and polishing. ZnSe crystals showed more background interferences due to a much higher refractive index than both NaCl and BaF 2 . These interferences caused a reflection loss of IR radiation thus ZnSe crystals were also ruled out. BaF 2 crystals were selected since these crystals gave consistent spectra of polysaccharide samples with little to no background interference at the wavelengths of interest.
The modified technique was tested in order to verify the integrated absorbance of the monosaccharide peak, 1192 -958 cm -1 , and amide II peak, 1585 -1483 cm -1 , were representative of the total carbohydrates and biomass, respectively. The standard solutions of fructose, glucose, mannose and rhamnose were used to demonstrate the relationship between the integrated absorbance of the monosaccharide peak to total carbohydrate concentration. A linear relationship was observed between the absorbance of the monosaccharide peak area and the monosaccharide concentration with the correlation coefficient values ranged from 0.9957 to 0.9980 over the concentrations of 0.0 -2.0 mg/mL, as seen in Figure 1 . The linear relationship over the four monosaccharide standards demonstrated that the integrated monosaccharide peak area was a reliable indication of the total carbohydrate concentration.
To assess the integrated absorbance of the amide II peak to the total biomass, bacterial samples were utilized. The bacterial samples were analyzed using the previously described serial dilution method. The results demonstrated a linear relationship with correlation coefficients of 0.9802 and 0.9877 as seen in Figure 2 . As the concentration of the bacterial samples increased, the integrated absorbance of the monosaccharide peak, and more importantly, the amide II peak also increased. This demonstrated that the amide II peak was consistent with the increase of the bacterial biomass and would be a dependable indicator to measure the relative bacterial biomass. The integrated absorbance area of the monosaccharide peak and amide II peak was proven to be a reliable means of estimating the total relative carbohydrates and bacterial biomass, respectively. Therefore the method was moved forward as a technique for comparing the carbohydrate production among different strains of Enterobacter cloacae. The total relative carbohydrates were measured using the integrated absorbance of the monosaccharide peak and normalized using the total estimated biological biomass. This value was represented as the monosaccharide/amide II ratio. Three Enterobacter cloacae mutants were compared to the wild type for differences in carbohydrate productions. The chosen mutants were visually characterized as over-producers or under-producers by comparing mutant colony size and texture to the wild type colony characteristics. The Enterobacter cloacae mutants classified as over-producers were 81H1 and C-BS-27 which had large, shiny, and smooth colonies whereas the Enterobacter cloacae mutant D-DM-21 was classified as an under-producer with small, dull, and rough colonies. These differences can be visually seen in Figure 3 .
The absorbance spectra for all four bacterial samples, 67E1, 81H1, C-BS-27, and D-DM-21, analyzed were consistent among each other where the only differences between the spectra were the intensity of the peaks as seen in Figures 4(a)-(d) .
The peak which appeared around 2300 -2400 cm -1 was representative of carbon dioxide and deemed to be an artifact of the BaF 2 crystals used since it appeared the spectra of blank crystals and the crystals with the control PBS solution. This was confirmed by examining polished BaF 2 crystals and comparing them to unpolished BaF 2 crystals left open to the atmosphere for several hours. In addition, the FTIR instrument was purged with dry nitrogen gas in an attempt to reduce the water and carbon dioxide artifacts in the spectra. Neither polishing nor purging was successful in consistently removing artifacts from the spectra. Trapped water molecules account for the inconsistencies in the spectra for PBS between the ranges 1300 -2000 cm -1 and 3500 -4000 cm -1 , see Figure 4 . The amide II region was located within a portion of this area. However, the water signal was too weak and did not interfere with the amide II peak integration.
The monosaccharide/amide II ratio was determined for 67E1, 81H1, C-BS-27, and D-DM-21 after one day of incubation. The TSA plates used were created from the same batch of agar media in order to prevent variables in nutritional composition. The colony plate procedure as previously described was used. A t-test was performed to determine statistical significant differences in carbohydrate production when compared to the wild type. A 95% confidence level, p < 0.05, was used to determine if there was a statistical significant difference between carbohydrate production of the mutant type and wild type. Enterobacter cloacae mutants C-BS-27 and D-DM-21 displayed a statistically significant difference in carbohydrate production as shown in Table 1 . No statistical difference was detected in 81H1. Although 81H1 was classified as an over-producer, there was very minuscule difference in colony size after a single day of incubation. The monosaccharide/amide II ratio of C-BS-27 was more than twice the amount of the wild type which was expected for those classified as over-producers as shown in Table 1 .
Interestingly, the under-producer D-DM-21 produced more carbohydrates than the wild type suggesting there may be factors other than carbohydrate production being Figure 3 . The overall colony size increased as incubation time increased. It was beneficial to observe the carbohydrate production over extended period of incubation times in order to determine the optimal incubation period for carbohydrate comparison. Therefore, the monosaccharide/amide II ratio of 67E1 and C-BS-27 was also determined at intervals over a period of four days. The mutant C-BS-27 was chosen since it displayed the most significant difference in carbohydrate production from the previous experiment. The results displayed the ratio between carbohydrates and biomass individually decreased as the incubation time increased. Furthermore, the difference between the average monosaccharide/amide II ratio of C-BS-27 and 67E1 decreased over time and after four days of incubation there was no statistical significant difference in carbohydrate production between the mutant type and wild type, see Figure 5 .
The largest variation in carbohydrate production appeared to be best detected after one day of incubation. Longer incubation times decreased the difference between the calculated ratios most likely because of the bacteria's growth curve on solid media. As the incubation time increased, the number of dead bacterial cells being lifted from the media increased, thus resulting in a lower monosaccharide/amide II ratio. The results demonstrated the optimal incubation time would be one day in order to detect the most variation between carbohydrate productions of mutant types to wild type.
Overall, this current method involving FTIR for comparison of the carbohydrate production among different mutant strains of Enterobacter cloacae proved to be reliable and extremely efficient. The monosaccharide peak and amide II peak displayed excellent correlation with the standard monosaccharides and bacterial samples, respectively. This technique proved to be self reliant since the same spectra was used for normalization purposes and no external experimental procedures were required. The method we report in this paper was found to be a dependable technique for the comparison of total carbohydrates in biofilm producing bacteria.
